I. INTRODUCTION
M ICROWAVE filters, which have been the subject of intensive research efforts over the past decades, permeate modern communication systems whose proper performance is achieved only through accurately designed components. Furthermore, the increasing demand on frequency bandwidth requires filters with extremely narrow bandwidths whose precise design is even more demanding. Waveguide resonators have been, and are still, used as building blocks in microwave filter implementation. Judicious coupling between the different resonators is essential to the proper performance of the filter, especially for narrow-band filters where the weak coupling must be determined with high accuracy to guarantee the proper performance of the designed filter.
The mode-matching technique (MMT), e.g., [1] , has been used extensively in the analysis and design of waveguide components such as filters. Unfortunately, the MMT exhibits slow convergence for narrow-band systems due to its failure to account for the singular nature of the electromagnetic field at sharp metallic edges. An alternative formulation that provides a simple mechanism including a priori information such as the edge conditions was recently developed [2] . It con-sists of deriving a set of coupled integral equations for the aperture fields at all discontinuities simultaneously. The coupled-integral-equation technique (CIET) allows accurate and fast design and analysis of narrow-band rectangular waveguide structures [3] .
In this paper, we improve the efficiency of the CIET by using local solutions of Maxwell's equations, which are properly globalized to satisfy other boundary conditions, in the analysis and design of -mode iris-coupled bandpass filters. To improve the stopband response of the filter, 1/8-cut circular waveguides instead of full cylindrical waveguides are used to suppress unwanted propagating modes. Although the reduced volume of the resonators lowers the factor of the resonators because of metallic losses in the conducting walls, the addition of high-dielectric rings can be used to compensate for such a reduction while allowing further size shrinking. Bandpass microwave filters using dielectric resonators in cutoff waveguides have been investigated by many researchers, e.g., [4] - [8] . The design of the filter usually starts from determining the size of the dielectric resonator such that its resonant frequency is equal to the center frequency of the bandpass filter. The coupling coefficients between the resonators are then determined from two separate analyses of the resonant frequencies of the two coupled resonators with an electric and then a magnetic wall placed between them [6]- [8] . However, such an approach neglects the shift in the resonant frequency due to the loading caused by the coupling; tuning mechanisms must then be used to compensate for the occurred shifts.
It is also possible to use the standard design technique of waveguide resonator filters to design the class of iris-coupled and dielectric-loaded resonators considered in this paper. This approach was used in designing -plane dielectric waveguide filters [9] as well as -mode dielectric-loaded rectangular filters [10] . Within this framework, it is possible to determine accurately the coupling between the resonators while taking into account its effect on the resonant frequencies of the resonators. In fact, it is not even necessary to determine the resonant frequency of the resonators. The designed filters are then analyzed using HFSS to validate the results obtained from the CIET.
II. SYNTHESIS AND DESIGN OF IRIS-COUPLED 1/8-CUT -MODE FILTERS
The synthesis of the class of filters under consideration follows the standard inverter approach [11] , [12] . Since the method is well documented, it is not discussed here. Suffice it to say that the scattering parameters of the dominant mode at the iris are iteratively determined from the following equations:
Here, and are the scattering parameters of the mode at the iris computed at the center frequency of the passband.
The target values of the inverters are determined from the low-pass prototype [12] . Once the dimensions of the coupling sections are determined, the length of the resonators connected to it are adjusted by the phase term (5) where is the propagation constant of the dominant mode at the center frequency of the passband. The structure used to implement a typical coupling section is presented in Fig. 1 . It consists of 1/8-cut circular waveguide of radius , and a circular iris of thickness and inner radius . We assume that all metallic walls are lossless and that only the mode is incident on the iris. Due to the symmetry of the structure, only modes are excited at the discontinuity. The determination of the radius of the empty waveguide can be done such as to minimize the effect of higher order evanescent modes in order for this design technique to work as expected. Although it is possible to include corrections in the design, especially for broadband designs [13] , we choose the radius of the empty waveguide such that the damping of the first evanescent mode over a guided half-wavelength of the dominant propagating mode is less than at the center frequency; this condition is sufficient to determine the radius of the waveguide.
To determine the radius of the coupling irises, assuming that their thickness is known, their scattering properties must be iteratively and accurately determined at the center frequency of the filter until (1)- (4) are satisfied. An accurate design can be achieved by using the CIET with appropriate basis functions as shown below.
Since the derivation of the integral equations for the aperture fields follows the presentation in [2] , we only give the final equations for those interested in applying the approach in design problems.
Let us assume that the exact distribution of at the two discontinuities of Fig. 1 are given by two unknown functions and . These can be determined from the following two coupled integral equations: (6) and (7) Here, is the Bessel function of the first kind of order one and is its root of order (8) and . The normalization constants are given in terms of the derivative of by
and (11) (12)
To determine the functions and , we expand them in series of basis functions (13) The same basis functions are used for both functions because the geometry is the same at the two discontinuity planes. Using the series expansions in the two integral equations and applying Galerkin's method, we get two sets of linear equations in the coefficients and . In matrix form, these can be written as (14) The entries of the matrices and are given by
and (17) Here, is a zero column vector. Once the expansion coefficients are determined, the reflected and transmitted waves are given by (18) and (19) For this type of filters, we examine two sets of basis functions, each of which includes the edge conditions. The first set is obtained by introducing a weighting function, which includes the proper singularity in combination with the modes of a circular waveguide, namely,
The second set is obtained from the local solutions of Maxwell's equations, as discussed in [14] . If we let denote a zero of Bessel function of order , the following set of basis functions are easily shown to satisfy the proper edge conditions:
The integrals of the basis functions as given by (11) and (12) are evaluated numerically following procedures similar to those in [15] .
III. DESIGN OF 1/8-CUT DIELECTRIC-RING RESONATOR FILTERS
Dielectric resonators are often used to reduce the size of microwave components. In the case under consideration, we focus attention on the design of microwave bandpass filters using 1/8-cut high-dielectric-ring resonators. The use of rings allows an increase in the factor as compared to rod resonators [7] . Furthermore, the location of the ring and its dimensions can be used to maximize the factor while achieving a substantial size reduction.
For simplicity, the coupling sections between the resonators consist of uniform sections of an empty below-cutoff 1/8-cut waveguide of the same radius as the loaded region. The length of the section is adjusted until the synthesis equations (1)- (4) are satisfied. If shorter coupling sections are desired, coupling irises can be used as in the iris-coupled -mode filter discussed above.
In order to determine the scattering parameters of the dominant slow mode at a coupling section, we need to know the normal modes of the dielectric-loaded region.
A. Modes of Dielectric Ring
We consider a dielectric ring of dielectric constant , as shown in Figs. 6 and 7. Mechanical support for the high dielectric ring is provided by a low dielectric material ( ) rod of radius , the thickness of the dielectric ring is -and the radius of the empty waveguide is .
Since the incident mode has no angular dependence, it excites only modes despite the presence of the dielectric. In particular, no complex modes are excited [16] . To determine the propagation constant of the modes supported by the structure and the corresponding field distributions, we expand the axial component in the three regions as follows [cf. By matching and at the interfaces between the three regions, we obtain a transcendental equation for the propagation constant. This equation along with other relevant coupling integrals are given in the Appendix. The propagation constants of the propagating and evanescent modes are to be determined from this equation using any of the standard root-finding algorithms. Once the roots of the transcendental equation are located, the expansion coefficients , , , and are determined, thereby specifying the field distribution of the mode.
B. Scattering Parameters of Coupling Sections
The next step in the design of the filter consists in accurately determining the scattering parameters of the dominant slow mode at the coupling section, which consists of a portion of below-cutoff waveguide of length (Fig. 7) . The formulation is the same as in the case of the iris-coupled case discussed above, except for the expressions of the coupling integrals, which are now frequency dependent due to the presence of the dielectric-loaded regions.
From our numerical experiments, taking the modes of the dielectric-loaded region as basis functions is sufficient as long as the dielectric constant is not too large, less than, say, 100; most dielectric materials in use fall within this range.
It may be worth mentioning that the standard rules of thumb used to circumvent the phenomenon of relative convergence in the MMT fail in this case since the two regions, i.e., the dielectrically loaded and the empty 1/8-cut waveguide, have the same cross section. Within the CIET, the modes of the different regions appear only in computing the inner products and, therefore, the phenomenon of relative convergence is eliminated altogether. However, it is still not obvious which set of modes to use as basis functions within the CIET; those of the dielectric-loaded region or the empty one. The solution lies in examining the field distribution of the two sets. Since the modes of the dielectric-loaded region are more localized, or concentrated, in the high dielectric region over the cross section, a large number of modes in the empty region are needed to reproduce them. It is, therefore, more efficient to take the modes of the dielectric-loaded regions as basis functions.
With this choice of basis functions, the orthogonality of the modes can be fruitfully used to simplify the expressions of the entries of the matrices in (15) and (16) .
Once all the coupling sections and lengths of the resonators are determined, the analysis of an assembled filter is carried out by using all basis functions at all discontinuities simultaneously. This procedure of the CIET is described in [2] and need not be repeated here.
IV. NUMERICAL RESULTS
A number of filters of varied characteristics were designed using the framework described here; illustrative cases are now presented.
To validate the approach and the programs, we first analyzed a filter, referred to as Filter I, whose dimensions were published in [17] . The filter consists of four irises of thickness mm and inner radii mm and mm. The separations between the irises are mm, mm, and the radius of the empty waveguide is mm. To our surprise, our CIET and MMT results, which are shown in Fig. 2 , differ significantly from those in this reference (see [17, Fig. 8(a)]) where a minimum in-band return loss of 20 dB is reported. The solid line is the CIET calculation with six basis functions and 100 terms in the sums involved in computing the matrix elements. The dashed-dotted line, which coincides with the solid line, is obtained from the MTT using 100 modes.
The filter was then simulated using the commercial software package HFSS; the obtained results, shown as the dashed line in Fig. 2 , show good agreement with those obtained from the CIET and MMT. The slight difference between the results obtained from HFSS and the two other methods is attributed to the fact that, for this extremely narrow-band filter, HFSS memory requirement exceeds the 800 MB we have available.
The convergence of the CIET for the two sets of basis functions given by (20) and (21) was also investigated. Figs. 3 and 4 present the results obtained with the two different sets of basis functions. Both sets (Fig. 3) and (Fig. 4) converge with about six basis functions when 100 modes are used to compute the entries of matrices. Obviously, the set in Fig. 3 shows slightly better convergence than the set of Fig. 4 . We attribute this to the fact that are derived from local solutions to Maxwell's equations. It is worth noting that the solid line in Fig. 3 (i. e., set with six basis functions) agrees with the solid line of Fig. 3 (regular mode matching with 100 modes) to within the plotting accuracy. The set requires one more basis function (seven, Fig. 4 ) to achieve the same accuracy. The advantage of the set over is even better, which is shown by the results obtained from only one basis function of each set (compare curves in Figs. 3 and 4) . Having established the validity of the CIET programs, a filter with similar specifications was then designed using the approach described in this paper and analyzed using the CIET and MMT. This filter is referred to as Filter II. The thickness of the coupling irises is maintained at 0.2 mm, mm, mm, and the radius of the empty waveguide is 12.274 mm. The lengths of the three resonators are mm and mm. Fig. 5 shows that all the original specifications are met and that the two methods yield comparable results. The design of the filter was carried out using ten basis functions and 150 terms in the sums; such a large number is required given the bandwidth of the filter. The dimensions given by the design program were rounded off to within 1 m. The assembled filter was then analyzed using up to 20 basis functions and 200 terms in the sums.
To further test the approach, a fourth-order dielectric-resonator filter was designed and analyzed using both the CIET and HFSS. The desired minimum return loss in the passband extending from 2.2 to 2.3 GHz is 25 dB.
The cross section of the dielectric-loaded resonators has mm, mm, mm, , and .
To avoid the complications introduced by the feeding connections, which are eventually adjusted experimentally, we simply connected the first and last resonators to a long dielectric-loaded waveguide of the same cross section as the resonators. The filter is thus fed by the dominant slow mode corresponding to the resonant of a resonator of finite length. The coupling gaps at the input and output are determined from the specifications of the filter. Actual feed networks can be designed using microstrip loops [4] or aperture-coupled rectangular waveguides [7] .
Once the cross section of the resonators is fixed by maximizing its factor, i.e., the program determines the length of the five coupling sections as well as the four resonators as mm, mm, mm, , and mm. The effect of the coupling on the resonant frequency of the resonators is thus fully taken into account. Typical filters designed along these lines were presented in [18] .
The designed filter is shown in Figs. 6 and 7. Its insertion and return losses versus frequency are shown in Fig. 8 . The solid line is obtained from a CIET analysis with eight basis functions and 80 terms in the sums. More basis functions were used and yielded negligible differences. The dashed line, obtained from HFSS, is in good agreement with the CIET calculations. The differences for small values of the reflection coefficient in the passband are attributed to the prescribed relative accuracy in the HFSS calculation, which was set to 0.4%. Higher accuracy would require finer discretization meshes and, consequently, more memory.
The error in the obtained center frequency from both methods, as determined from the analysis of the designed filter, is less than 0.1%, but the obtained bandwidth is about 0.5% larger than specified.
To illustrate the size reduction that can be achieved by using the dielectric resonators, we designed and analyzed a fourresonator iris-coupled 1/8-cut -mode filter with the same specifications. Despite the small thickness of the coupling irises, the introduction of the dielectric resonators reduces the volume of the filter by a factor of about three. If the below-cutoff coupling sections in the dielectric-loaded filter were replaced by coupling irises of the same thickness as in the -mode filter, the volume would be reduced by a factor of nine instead of three; this ratio can be increased further by using dielectrics of higher dielectric constant. In this comparison, the volumes of the input and output dielectric sections are not included since they are not present in an actual implementation, as discussed above.
An attempt to accurately determine the effect of metallic losses on the performance of the filter using HFSS was made, but the amount of computer memory available on our computers is not sufficient for such a calculation. If we assume an unloaded of 2000, the in-band insertion loss can be estimated to be of the order of 0.7 dB for this filter [11] .
V. CONCLUSIONS
Microwave bandpass filters using 1/8-cut circular waveguides are designed and accurately analyzed using globalized local solutions of Maxwell's equations in the CIET. Direct-coupled 1/8-cut dielectric-resonator filters using high-dielectric rings are also designed and analyzed using the same approach. Effects of the coupling sections on the resonant frequencies of the resonators are systematically included in the design. Numerical results using the CIET agree well with those of the standard MMT and the commercial software package HFSS.
APPENDIX
Here, the transcendental equation for the propagation constant of a dielectric ring, as well as some coupling integrals, which we could not find in standard tables are presented. Only modes with no angular dependence are considered. The separation constants , , and are related to by (10)- (13) , and are Bessel and Neumann functions where To avoid complex arithmetic, which would otherwise result when or are imaginary, it is preferable to use modified Bessel functions , , , directly in the field expansions and treat the different cases separately. The normalization of the modes in the dielectric-loaded region involves integrals of products of combinations of Bessel and Neumann functions. Most of these integrals are given in [19] , those not listed there are as follows:
